Regulatory T cells (Tregs) are crucial for suppressing autoimmunity and inflammation mediated by conventional T cells. To be useful, some Tregs should have overlapping specificity with relevant self-reactive or pathogen-specific clones. Whether matching recognition between Tregs and non-Tregs might arise through stochastic or deterministic mechanisms has not been addressed. We tested the hypothesis that some Tregs that arise in the thymus or that are induced during Agdriven expansion of conventional CD4 + T cells might be clonally related to non-Tregs by virtue of asymmetric Foxp3 induction during cell division. We isolated mouse CD4 + thymocytes dividing in vivo, wherein sibling cells exhibited discordant expression of Foxp3 and CD25. Under in vitro conditions that stimulate induced Tregs from conventional mouse CD4 + T cells, we found a requirement for cell cycle progression to achieve Foxp3 induction. Moreover, a substantial fraction of sibling cell pairs arising from induced Treg stimulation also contained discordant expression of Foxp3. Division-linked yet asymmetric induction of Treg fate offers potential mechanisms to anticipate peripheral self-reactivity during thymic selection as well as produce precise, de novo counterregulation during CD4 + T cell-mediated immune responses.
INTRODUCTION
Regulatory T cells (Tregs) are a CD4 + T cell subset that expresses the X-linked transcription factor Foxp3 and plays an essential role in avoidance of autoimmunity and collateral tissue damage during immune responses. Deficiency of Foxp3, the major lineage-defining transcription factor of Tregs in mice (1-3) and humans (4), leads to fatal, multiorgan autoimmunity (1, 5, 6) known as immunodysregulation polyendocrinopathy enteropathy Xlinked syndrome in humans (7) (8) (9) .
During the development of thymic Tregs (tTregs), Foxp3 is induced in response to TCR signaling (10) . Studies in TCR transgenic mice with expression of the cognate Ag have elucidated the important role of TCR specificity to self-antigen in the differentiation of tTregs (11) (12) (13) (14) (15) . Furthermore, tTreg selection is promoted by a high degree of TCR affinity to self-antigen (11, (16) (17) (18) . These findings are consistent with an instructive model of tTreg development, in which TCR affinities guide thymocyte cell fate (19) . This model suggests that the range of TCR affinities to self-antigen that promote Treg development is higher than that which instructs positive selection of conventional T cells but less than that which induces negative selection.
Although TCR signaling is an important determinant in Treg development, other factors, such as costimulation through CD28 (20, 21) and cytokine signaling, have also been shown to play crucial roles (22) (23) (24) . A two-step model suggests that in addition to a TCRdependent phase of Treg selection that poises a Foxp3 − CD25 + Treg precursor cell to express Foxp3, there is also a subsequent TCR-independent phase, in which cytokine signaling, especially by IL-2, is crucial for the induction of Foxp3 expression (24, 25) . It has been suggested that there is some TCR overlap between Tregs and conventional CD4 T cells (24, (26) (27) (28) (29) (30) (31) (32) . Although selected single-positive thymocyte populations contain few proliferating cells, the characteristics of such minority subpopulations have not been fully interrogated (33, 34) . We used confocal microscopy to visualize rare, dividing thymocytes that express Foxp3 and discovered a substantial frequency of sibling cells with discordant expression of Foxp3. Our results provide a potential explanation for how some convergence in the Ag receptor repertoire of self-reactive Tregs and non-Tregs might arise.
MATERIALS AND METHODS

Mice and in vitro Treg induction
Mice were housed under specific pathogen-free conditions and used in accordance with protocols approved by Columbia University's Institutional Animal Care and Use Committee and guidelines outlined by the National Institutes of Health. Thymi were isolated from 4-to 6-wk-old wild-type (WT) C57BL/6 and Foxp3 gfp (35) mice. Spleen and lymph nodes for in vitro induction cultures were isolated from 6-to 14-wk-old WT and Foxp3 gfp mice. Naive CD4 + T cells were purified from spleens and lymph nodes by magnetic cell separation (Miltenyi Biotec) or cell sorting for CD4 + CD8 − TCRβ hi CD25 − CD44 lo CD62L hi cells on a FACSAria II cell sorter (BD Biosciences) prior to labeling with cell proliferation dye Cell Trace Violet (Thermo Fisher Scientific). Cells were cultured for 36 h at 5 ×10 5 cells per well in 48-well tissue culture plates precoated with anti-CD3 (1 μg/ml; BD Biosciences) and anti-CD28 (1 μg/ml; BD Biosciences) Abs, plus 100 U/ml recombinant human IL-2 (National Cancer Institute Biological Resources Branch) and 0.1 ng/ml recombinant human TGF-β (R&D Systems) in RPMI 1640 (Life Technologies) supplemented with 10% FBS (Gemini), 100 U/ml penicillin (Life Technologies), 100 U/ml streptomycin (Life Technologies), 100 μM nonessential amino acids (Life Technologies), 1 mM sodium pyruvate (Life Technologies), 2 mM GlutaMAX (Life Technologies), 10 mM HEPES (Life Technologies), and 55 μM 2-ME (Life Technologies). Cell cycle inhibitors were added at the start of cell culture: 2.5 mM L-mimosine (Sigma-Aldrich) and 5 or 10 μg/ml nocodazole (Cell Signaling Technology). Ten micromolar cytochalasin B (Sigma-Aldrich) was added for the final 16 h of culture. Fig. 3 are gated on forward scatter and side scatter properties indicative of singlet lymphocytes and live CD4 + CD8 − (CD4SP) cells.
Flow cytometry
Confocal microscopy
Cells were seeded onto coverslips (Thermo Fisher Scientific) coated with poly-L-lysine (Sigma-Aldrich) and allowed to adhere briefly before fixation with 4% paraformaldehyde (Sigma-Aldrich), quenching with 50 mM NH 4 Cl (Sigma-Aldrich), permeabilization with 0.3% Triton X-100 (Sigma-Aldrich), and blocking with 0.25% fish skin gelatin (SigmaAldrich) and 0.01% saponin (Sigma-Aldrich) in PBS. Abs include the following: rat anti-β-tubulin (YOL1/34; Abcam), rabbit anti-Foxp3 (C29H4; Cell Signaling Technology), mouse anti-GFP CF 488 (9F9.F9; Sigma-Aldrich), rat anti-CD25 (PC61; BioLegend), rabbit antiHelios/ IKZF2 (Proteintech), goat anti-rat Alexa Fluor 488 (Life Technologies), goat anti-rat Alexa Fluor 568 (Life Technologies), and goat anti-rabbit Alexa Fluor 568 (Life Technologies). ProLong Gold Antifade Mountant with DAPI (Invitrogen) was used to mount coverslips and stain DNA. Cells were stained with primary Abs for 1 h at room temperature or 4°C overnight, followed by washing in blocking buffer. Secondary Abs were stained for 1 h at room temperature. Washes were done with blocking buffer. Images were acquired on a Zeiss LSM710 or Nikon Ti Eclipse inverted confocal microscope and processed using Fiji v2.0.0-rc-43/1.51q software (36) . Transmitted light and tubulin images shown are of a single z-plane. DAPI, Foxp3, Helios, and CD25 images shown are sum slice projections. Integrated signal density for detected Ags in individual cells was calculated based on signal thresholds set relative to negative staining controls. Asymmetry of DAPI, Foxp3, and CD25 was calculated from projections as (integrated density daughter 1 − integrated density daughter 2) / (integrated density daughter 1 + integrated density daughter 2), with values over 0.2 considered asymmetric. Positive Helios expression was defined as having an integrated density over 20,000.
Statistics
Statistical analyses were performed using Prism (GraphPad). Significance between Foxp3 or CD25 asymmetry values versus DAPI asymmetry values was determined using two-tailed t tests for paired data. Significance for drug treatment effect on Foxp3 induction was determined using repeated-measures one-way ANOVA with Dunnett posttest. The p values are specified in each figure legend.
RESULTS tTregs may arise during an asymmetric cell division
We used GFP-Foxp3 fusion protein reporter mice, Foxp3 gfp (35) , and confocal microscopy to study the characteristics of dividing Tregs in the thymus. CD4SP GFP + cells were sorted from thymus prior to fixation and fluorescent staining. To enrich for cells undergoing later stages of cell division in vivo, events with forward light scatter properties (area versus height) indicative of cell doublets were included (Fig. 1A) .
During microscopy, we used a combination of criteria that have been shown to specifically discriminate between adjacent but unrelated cells and actual sibling cell pairs in telophase or cytokinesis (37) . Bona fide sibling cell pairs contained a bridge structure evident by transmitted light and fluorescent tubulin staining as well as distinct nuclei within each lobe of the doublet. Among the doublets that met the criteria for being authentic sibling cells, we then assessed the signal of GFP-Foxp3 with a combination of anti-GFP staining and GFP emission within the same fluorescence channel. Of the cytokinetic pairs with at least one GFP + daughter cell, we found 74% had discordant expression of GFP-Foxp3 between daughters (Fig. 1B, 1C) .
To ensure the phenomenon of asymmetric Foxp3 expression was not an artifact confined to Foxp3 gfp mice, we also examined thymocytes from WT mice. We sorted on CD4SP CD25 + cells ( Fig. 2A) to enrich for Tregs and Treg precursors (24) . We found 74% of cytokinetic doublets with at least one Foxp3 + cell had asymmetric expression of Foxp3 (Fig. 2B, 2C ), similar to findings in reporter mice.
To determine whether sibling cell discordance in Foxp3 expression was a random, unregulated event, we examined another marker of Treg selection. Among Foxp3-discordant sibling cell pairs with detectable CD25 expression, almost every pair exhibited concordant asymmetry of CD25 and Foxp3 (Fig. 3A, 3B) . The coordinate asymmetry of Foxp3 and CD25 further suggests that Treg fate is being transmitted unequally to sibling cells. Signal strength for Treg selection is likely to exceed that of conventional CD4 + selection (19) . Insofar as CD25 colocalizes to the proximal side of an immune synapse (38) , the foregoing results suggest the possibility that a Treg-specified daughter cell may have arisen proximal to the peptide/MHC and/or cytokine-selecting signal, whereas its more weakly signaled sister cell may have arisen distal to the selecting signal.
Because the TCR repertoire of Tregs and conventional CD4 + T cells is only partially overlapping, we tested the possibility that some of the conventional daughter cells arising from Foxp3-discordant sibling cell pairs may be destined for apoptosis by examining their expression of Helios, which marks both surviving Tregs and apoptosis-destined conventional CD4SP thymocytes (39) . In Foxp3-discordant sibling cell pairs, 54% of Foxp3 − daughter cells expressed Helios, whereas 46% of the Foxp3 − daughter cells were coordinately Helios − (Fig. 3C, 3D ). These findings suggest that some sibling cells of tTregs may die, whereas some may become conventional CD4 + T cells.
Foxp3 induction may be cell cycle-dependent and transmitted unequally
Tregs may also arise in the periphery from naive CD4 T cells or in vitro from conventional CD4 T cells stimulated in the presence of TGF-β. To explore other modes of Treg generation, we extended our analyses to an in vitro induced Treg (iTreg) model. Naive Foxp3 gfp CD4 + T cells were stimulated with plate-bound Abs against CD3 and CD28, plus IL-2 and TGF-β.
Under these conditions, the induction of Foxp3 did not become readily detectable until cell division commenced between 1 and 2 d following stimulation (Fig. 4A) . Consistent with the correlation between cell division and gene expression, Foxp3 induction at 1.5 d following stimulation was substantially inhibited by drugs that arrest the cell cycle at the G1 (mimosine) or G2/M (nocodazole) phases (Fig. 4B, 4D ). In contrast, cytochalasin B, which arrests cells after mitosis and during cytokinesis, had little effect on Foxp3 induction. Because there was also some reduction in CD62L expression and CD44 induction, we sought to determine whether the defect in Foxp3 induction imposed by cell cycle inhibitors was simply due to a nonspecific toxicity. Analyses restricted to CD44 hi -gated CD4 + cells with normal viability suggested that defective Foxp3 expression was more likely due to the specific actions of cell cycle inhibition (Fig. 4C, 4E) , which is consistent with the delayed induction of Foxp3 observed in freely cycling cells (Fig. 4A) .
To determine whether our findings of asymmetric Foxp3 in dividing thymocytes also extended to iTreg differentiation, we examined the Foxp3 expression pattern of nascent sibling cells under iTreg stimulatory conditions. Of conjoined sibling pairs with at least one GFP + cell, 33%exhibited asymmetric inductionofGFP-Foxp3 (Fig. 5) , confirming that the cell cycle-dependent induction of Foxp3 can be transmitted unequally in the late stage of cell division. Cells in metaphase and anaphase exhibited symmetrical distribution of Foxp3 protein (data not shown), suggesting that unequal signaling after telophase, rather than unequal inheritance of the preformed Foxp3 protein, is responsible for differential gene expression in sibling cells. Whether altered strength of the in vitro signaling conditions or some lack of an in situ polarity cue artificially contributes to a reduced frequency of Foxp3 asymmetry will require further exploration.
DISCUSSION
Many models of Treg development suggest that Treg selection is determined by the strength and specificity of the TCR to self-antigen (19) . Thymocytes with low TCR affinities to selecting ligands undergo positive selection and develop into conventional CD4 T cells. Thymocytes with very high TCR affinities to self-antigen undergo negative selection as a mechanism to eradicate possibly autoreactive lymphocytes. Tregs may prevent autoimmunity by possessing overlapping specificity to self-antigen while remaining under the threshold for negative selection.
The finding of unequal expression of Foxp3 in both dividing thymocytes and CD4 + T cells in Treg-inducing conditions suggests that some Tregs may arise as a result of asymmetric cell division. We speculate that strong TCR interactions accompanied by appropriate cytokine signaling (20) (21) (22) (23) (24) , which are apparently required for Treg selection, may trigger cell division in the thymus at low frequency (33, 34) . If induction of Tregs is cell cycledependent, then it is possible that a previously described mechanism that silences Foxp3 in a proportion of cells during cell division (40, 41) may be antagonizing stable induction in one of two daughter cells. Alternatively, the strength of a peptide/MHC or cytokine signal, such as IL-2, in the thymus may be transmitted unequally to daughter cells, resulting in discordant induction of Foxp3 expression, a possibility suggested by the prior discovery of CD25 polarity in CD4 + T cells (38) . Either model (unequal silencing of Foxp3 after initial induction or simply unequal induction of Foxp3) would serve to explain why some overlap exists between TCR repertoires of Tregs and conventional CD4 + T cells (26) (27) (28) (29) (30) (31) (32) by enabling clones to yield a conventional CD4 + T cell alongside a Treg sibling cell with an identical TCR. Either scenario would also serve to explain why thymocytes with transgenic TCRs bearing high affinity for a self-peptide would undergo simultaneous positive selection of both Treg and conventional CD4 + T cell fates (11) .
Based on the finding that some of the Foxp3 − sibling cells appear to express Helios, we cannot exclude the possibility that some of the conventional CD4 + sibling cells from asymmetric thymocyte divisions are destined for apoptosis by negative selection (39) rather than surviving as viable CD4 + thymocytes. Nonetheless, a surviving Treg with specificity for self-antigen would still be of utility in anticipating nonkindred conventional T cells that have a different TCR but overlapping reactivity for the same self-antigen. It also remains to be determined whether peripheral Tregs that arise from conventional CD4 + T cells during in vivo immune responses are the product of an asymmetric cell division in situ.
Lymphocyte effector and memory fate diversification has been suggested to occur as a result of asymmetric nutritive signaling (37, (42) (43) (44) (45) . Cellular metabolism also plays an important role in Treg differentiation and stability (46, 47) . Future studies will be needed to determine whether unequal metabolic, cytokine, or another class of signaling plays a role in discordant expression of Foxp3 in dividing thymocytes and induced Tregs. Nonetheless, the ability to couple Foxp3 induction to an asymmetric division provides a possible templating mechanism to match the appropriate specificities of dominant tolerance. 
